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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 
ANALYTICAL EVALUATION OF EFFECT OF EQUIVALENCE RATIO, INLET-AIR 
TEMPERATURE, AND COMBUSTION PRESSURE ON PERFORMANCE 
OF SEVERAL POSSIBLE RAM-JET FUELS 


By Leonard К. Tower and Benson Е. Gammon 


SUMMARY 


An analytical investigation conducted to determine the theoretical 
&lr specific impulse performance of several fuels over а renge of equi- 
valence ratios, inlet-air temperatures, and combustion pressures is 
reported herein. The fuels include octene-1, 50-percent-magnesium 
slurry, boron, pentaborane, diborane, hydrogen, carbon, and aluminum. 
Inlet-air temperatures between 1009 and 900° F are considered at a com- 
bustion pressure of 2 atmospheres; a combustion pressure of 0.2 atmos- 
phere is also considered at an inlet-sir temperature of 1000 F. 


The benefit to air specific impulse of an increase in inlet-air 
temperature at the higher equivalence ratios was reduced by such high 
temperature effects ав dissociation and increased specific heats of 
the combustion products. An increase in combustion pressure from 0.2 
to 2 atmospheres raised the air specific impulse level as much as 5 
seconds at higher equivalence ratios. The fuel consumption of penta- 
borane and diborane remained below that of octene-1 despite the adverse 
effect of boron oxide vaporization on the performance of fuels contain- 
ing boron at combustion temperatures exceeding 3000° R; the fuel con- 
sumption of boron became higher than that of octene-l above this tem- 
perature. Boron, as well as diborane and pentaborane, provided higher 
air specific impulse than octene-1 at an equivalence ratio of 1.0. 


Means are shown for extending the data to inlet conditions beyond 
the limited range of inlet-air temperatures and combustion pressures 
considered. Also discussed are the determination of air specific im- 
pulse efficiency and combustion efficiency for experimental data by the 
use of theoretical results and the estimation of the relative amounts of 
the various fuels required to maintain a fixed level of thrust in an 


engine. 
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INTRODUCTION — 


The ever increasing performance required of high-speed aircraft _ 
places new demands upon the propulsion system. Improved range, thrust, 
combustion efficiency, and combustion stability characteristics may 
possibly be obtained by the use of the high-energy jet~engine fuels. 
These materials promise advantages over conventional hydrocarbon fuels 
because of their higher heating value on a gravimetric or volumetric 
basis, or because of the ease and stability of their combustion. Cur-. 
rently designated among the high-energy jet-engine fuels are certain of 
the light elements such as boron, aluminum, and magnesium, alloys and 
hydrides of these elements, and paintlike suspensions of the solid ma- 
terials in a liquid hydrocarbon (slurries). Considerable experimental 
work, summarized in reference 1, has been conducted with certain high- 
energy fuels to determine their suitability for selected applications 
in aircraft. The NACA Lewis laboratory has determined some of the 
physical properties and combustion properties of diborane, boron, mag- 
nesium, and aluminum, the metals having been burned in the form of 
powder, wire, and slurries (refs. 1 to 5). 


The theoretical performance of high-energy ram-jet fuels is of 
interest both in evaluating experimental results and in judging the 
potentialities of proposed but untested materials. Theoretical com- 
parisons of fuels burned in a great excess of cool air may be based 
upon heating values per pound of fuel, per pound of air, or per cubic 
foot of fuel. When the temperatures obtained in the combustion process 
become very high, however, considerable energy is absorbed by dissocia- 
tion, vaporization, fusion, and increases in specific heats of the com- 
bustion products. The performance of fuels at elevated temperatures is 
thus determined both by the heating value of the fuel and by the thermal 
properties of its combustion products. Thus the theoretical performance 
of a fuel must be determined by an analytical method which can account 


for as many thermal effects as possible. | == 


By means of such an analytical method, the theoretical performance 
of many high-energy jet-engine fuels has been studied at a single com- 
bustor inlet-air temperature of 100° F and at a combustion pressure of 
2 atmospheres (ref. 6). These data can be compared with experimental 
data at the same conditions to evaluate the combustion test performance 
of an engine. In practice, of course, few cases will be encountered 
where an engine is operating precisely at an inlet temperature of 100° F 
and a combustion pressure of 2 atmospheres. : | 


The present report extends the theoretical data of reference 6 for 
several fuels to other combustion pressures and inlet-air temperatures 
and thus facilitates the evaluation of experimental data. Тһе fuels 
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considered herein include octene-1, slurry of 50-percent magnesium in 
octene-1, boron, pentaborane, diborane, hydrogen, carbon, and aluminum. 
Some examples are given of the manner in which this theoretical informa- 
tion can be used in the operation of engines and in the evaluation of 
experimental data. 
SYMBOLS 

The following symbols are used in this report: 
A area, sq ft 
Е stream thrust, lb 
Fn net internal thrust, lb 
g acceleration due to gravity, 32.17 ft/sec“ 


(En) sum of the sensible enthalpy and chemical energy at temperature 
T and at standard conditions, kcal/mole 


M Mach number 
m molecular weight of a constituent 
m mean molecular weight 


n number of moles of a constituent 
static pressure, lb/sq ft 

R universal gas constant, ft-1b/(1b)(9?R) 

Sa air specific impulse, lb-sec/lb air 


Bg.  fuel-weight specific impulse, lb-sec/lb fuel 


T total temperature, ОН 

t static temperature, OR 

ү velocity, ft/sec 

W weight flow, lb/sec 

X weight fraction of solids in exhaust gases 
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Y ratio of specific heats 

Т efficiency 

18. air specific impulse efficiency 

Ф equivalence ratio; ratio of actual to stoichiometric fuel-air 
ratio 

Ф(М)  stream-thrust correction factor to М = 1 

Subscripts: 

2) air 

с combustion, combustor outlet 

er crystal 

e exhaust-nozzle outlet 

exp experimental 

f fuel 

& gas 

i denotes 198 constituent of combustion products 

in engine inlet 

i liquid 

8 solid 

t theoretical 

W weight 

Superscript: 

ж 


denotes a station having a Mach number of unity 


ANALYTICAL METHOD 


Suitable thrust parameters for both theoretical and actual jet- 


engine fuel performance have been found to be air specific impulse and 
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fuel specific impulse, or total stream momentum рег pound of air and рег 


pound of fuel, respectively. Air specific impulse is defined as 
1 мү ч 
= „+ — 
«re t) 


where 


and fuel-weight specific impulse is defined as 


ж 
ai х) Ва 
ЭР yw Wp + g Е We/We 


Air specific impulse can also be expressed as 


We 


Е. (а E (ү+1) RI, 
Yeu, 


where y is an effective ratio of specific heats. The net internal 


thrust of an engine can be determined simply from the relation 


WaSa 


wV 
"a "80. 7 (pa [m 


(1) 


(2) 


(3) 


(4) 


(see ref. 6), where Ф(М) is а function relating stream thrust at any 


station to stream thrust at a station having a Mach number of unity. 
(See eqs. (A2) and (A3) of the appendix.) The significance and the 


utility of these concepts are discussed in more detail in reference 7. 


The theoretical determination of air specific impulse and fuel 


specific impulse for the fuels considered herein involved two principal 
steps: (1) The combustion temperature and burned-product composition 
were determined at the assigned combustion pressure, and (2) an isen- 
tropic expansion in the exhaust nozzle over an expansion ratio of 2:1 


determined the exhaust-nozzle-outlet static temperature and velocity. 


The results of step (2) were used to compute air and fuel specific in- 


pulse. 
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The method of computing combustion temperature and composition was 
that of reference 8. A set of simultaneous equations was solved which 2 
involved mass balance, heat balance, pressure, phase changes, and dis- e 
sociation of solid, liquid, and gaseous molecules. Тһе necessary ther- 
modynamic properties of almost all the dissociated and undissociated = 
combustion products were taken from tables included in reference 8. An 
empirical equation given in reference 9 for the specific heat of mag- 
nesium oxide was used to obtain tabulated values of specific heat, еп- | А 
thalpy, and entropy for magnesium oxide; the standard state entropy of 
magnesium oxide was taken from reference 10. 


2981 


Thermal properties which were required_in setting up the equation 
of heat balance for the fuels considered herein are presented in table I. | 
Shown in table I їв either the heat of formation, or the heat of combus- _ 
tion, or both for each fuel. By means of the heat of formation or the 
related heat of combustion, an assigned enthalpy, presented in table I, 
was computed for each fuel. ‘This enthalpy was consistent with the arbi- _ 
trary base of reference 8. Because of their arbitrary bases, the еп-. = 
thalpies assigned to the fuels give no indication of the heat liberated | E 


іп combustion. 


The following assumptions were made concerning the combustion pro- in 
cess іп order to simplify the analysis: (1) А11 fuels were pure; (2) 
air was composed of 3.78 moles of nitrogen to every mole of oxygen; (3) 
combustion inlet-air velocity was negligible so that the combustion E" 
static temperature and the combustion total temperature were equal; 
(4) all gases were ideal; and (5) combustion was adiabatic and complete, "E 
that is, chemical equilibrium was assumed. .When solids or liquids were = 
present in the combustion products, the volume occupied by the condensed T 
material was negligible, and thermal and velocity equilibrium existed | 


between the different phases. 


The products of adiabatic combustion of each fuel which were con- 
sidered possible in the computations of composition are listed in 
table II. They were gaseous except as noted. The possible formation 
of nitrides of boron, magnesium, and aluminum was neglected because of 
inadequate thermodynamic data. For the same reason, dissociation, 
fusion, and vaporization of magnesium oxide were neglected. 


The exhaust-nozzle-outlet temperature was determined by computing 
an isentropic expansion from the combustion temperature end pressure . | т 
over а pressure ratio of 2:1. It was assumed that in the nozzle (1) | 
composition was fixed during the expansion process, (2) the volume 
occupied by condensed materials was negligible, and (3) condensed ша- 
terials were in thermal and velocity equilibrium with the gas phase. " E 
The jet velocity was then calculated by using the following equation 


(ref. 11): н 
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Ve г) (ашы) 
= = 294.98 с ny - “Халы — i (5) 
The air specific impulse was then 
=) Е Rt, | 
a | у Wea/| 8 m noe (6) 


Тһе jet velocity Ус, determined for an expansion ratio of 2:1 in 
the exhaust nozzle, covered a range of Mach numbers near unity. Тһе 
error introduced into the air specific impulse function by assuming a 
Mach number of 1 for Ve, determined thus, was 0.5 percent or less 
(ref. 12). The air specific impulse was not corrected for this error. 


PRESENTATION OF DATA 


The effects of combustor inlet conditions upon the theoretical com- 
bustion performance of the fuels аге shown in figures 1 to 8. The fig- 
ures pertain to the fuels as follows: 


Octene-l (liq.). . . . . . we . . 
Slurry of 50-percent magnesium in осфепе-1 . 
Carbon (graphite) . . ... 
Boron (eryst.) . . 
Pentaborane (11а.) 
Diborane (lig.) . 
Hydrogen (liq.) . 
Aluminum (cryst.) 


бе ве а г ө э а 
ON O) OI FP WN FJ 


The effect of inlet-air temperature and equivalence ratio or fuel- 
air ratio upon combustion performance at а combustion pressure of 2 
atmospheres is shown in parts (a), (b), and (c) of each figure. Equi- 
valence ratios of 0.1 to 1.0 and inlet-air temperatures of 1009, 500°, 
and 9009 F are considered. For aluminum, баба are shown only for inlet- 
air temperatures of 100° and 500° F. 


The variation of combustion temperature with inlet-air temperature 
and equivalence ratio is presented in parts (a); the variation of air 
specific impulse with inlet-air temperature and equivalence ratio is 
presented in parts (b), and the variation of the reciprocal of fuel- 
weight specific impulse with air specific impulse and inlet-air tempera- 
ture is presented in parts (c). Also shown on parts (c) are lines of 
constant fuel-&eir ratio. Reciprocal fuel-weight specific impulse has 
been used instead of fuel-weight specific impulse to improve readability 
of the curves. These parts (с) of the figures шау be employed to сош- 
pare the performance of different fuels at the same inlet conditions 
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as expleined in the section Determination of relative fuel-flow require- 
ments for given engine. Parts (c) cannot be used to compare the тео 
retical performance of а fuel at one inlet condition with the perforn- 
ance of the same fuel at another inlet condition, since changes in 
inlet-air temperature are obtained in the free-flylng ram jet only by 
change in altitude or flight Mach mumber. Тһе net thrust of the engine 
is then no longer determined by the air specific impulse alone, but is 
also affected by the changing inlet condition (eq. (4)). 


The effect of combustion pressure and equivalence ratio on the air 
specific impulse of each fuel except aluminum is presented in parts (d) 
ала (е) of each figure. Equivalence ratios ranging from 0.7 to 1.0 and 
combustion pressures of 0.2 and 2 atmospheres are considered at ап 
inlet-air temperature of 1000 F. In parts (d), the variation of air 
specific impulse with equivalence ratio is presented at the two com- 
bustion pressures, and, in parts (e), air specific impulse is presented 
ageinst the logarithm of combustion pressure at four equivalence ratios. 
Figure parts (e) are useful in adjusting theoretical air specific im- : 
pulse determined for any inlet-air temperature to any desired combustion 


pressure, as discussed in the section Determination of air specific 1ш- 
pulse at combustor inlet conditions other than those reported. 
ANALYSIS OF DATA 


Octene-1, 50-percent-magnesium sl and carbon. - Figures 1(а), 
2(a), and 3а; for осбепе-1, 50-percent-magnesium slurry, and carbon, 
respectively, show that а given increase in inlet-air temperature results 
in a diminishing gain in combustion temperature as equivalence ratio is 
raised. For example, the combustion temperature of octene-1 (fig. l(a)) 
at an equivalence ratio of 0.1 is increased 7459 R by raising the inlet- 
air temperdture from 100? to 9009 Р, while at an equivalence ratio of 
1.0, the same increase in inlet-air temperature raises the combustion 
temperatures only 320° R. The elevated combustion temperatures occurring 
at the higher equivalence ratios result in increased specific heats and 
more dissociation of combustion products. Much of the heat made avail- 
able by an increase in inlet~air temperature is thereby absorbed without 
а corresponding gain in combustion temperature. 


Since air specific impulse is a function of combustion temperature 
(eg. (3)), the gain in air specific impulse athieved by a given increase 
in inlet-air temperature becomes less when equivalence ratio is raised, 
as shown in figures l(b), 2(b), and 3(b). Raising the inlet-air tem- 
perature from 100° to 900° F increased the air. specific impulse of 
octene-l by 24.6 seconds at an equivalence ratio of 0.1, but only by 
7.3 seconds at an eqtiivalence ratio of 1.0 (fig. 1(Ъ)). 
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In figures 1(d), 2(4), and 3(d), it is shown that the air specific 
impulse at a combustion pressure of 0.2 atmosphere is less than that 
at a combustion pressure of 2 atmospheres within the range of equivalence 
ratios shown (0.7 to 1.0). Moreover, the loss in air specific impulse 
with this decrease in combustion pressure is greatest at the richer 
equivalence ratios. A decrease in combustion pressure shifts the chemi- 
cal equilibrium among all the combustion products toward the condition 
of more dissociation. Тһе resulting absorption of thermal energy lowers 
the air specific impulse. Since dissociation becomes greater at the 
higher combustion temperatures associated with richer equivalence ratios, 
the loss in air specific impulse with lowered combustion pressures be- 
comes more serious as equivalence ratio is raised. 


Although the data of figures l(e), 2(e), and 5(е) were computed for 
only two combustion pressures, a straight line of air specific impulse 
against the logarithm of combustion pressure for each equivalence ratio 
has been drawn between combustion pressures of 0.2 and 2 atmospheres. 
For fixed expansion ratios and equivalence ratios, the theoretical im- 
pulse V,/g of a rocket varies very nearly linearly with the logarithm 


of chamber pressure as shown in reference 13. This semilogarithmic re- 
letion is extended herein to ram-jet air specific impulse against com- 
bustion pressure. Ав a verification, air specific impulse at an equi- 
valence ratio of 1.0 was computed for осфепе-1 at two additional сош- 
bustion pressures of 0.6 and 10 atmospheres. These data are represented 
on figure 1(е) by the circled points. This semilogarithmic relation 
between air specific impulse and combustion pressure is expected to be 
valid for all eight fuels reported here at equivalence ratios from 0.7 
to 1.0. Extrapolation of the lines from 2 to 10 atmospheres combustion 
pressure is less satisfactory than interpolation between 0.2 and 2 atmos- 
pheres. А11 lines have therefore been shown broken above 2 atmospheres. 


Boron, pentaborane, diborane, and hydrogen. - These fuels comprise 
@ sequence in which boron is combined with increasing percentages of 
hydrogen. One of the combustion products, boron oxide, vaporizes be- 
tween 3000° and 3500° R, with a loss in air specific impulse resulting 
from heat absorption. In the following table are shown the mole frac- 
tions of boron and hydrogen in the fuels and the approximate heat ab- 
sorbed by vaporizing the boron oxide formed from a pound of each fuel. 
Also shown is the approximate heat absorbed by vaporizing the boron 
oxide formed from а pound of stoichiometric fuel-air mixture. Еог con- 
venience, these heats of vaporization have been evaluated at a tempera- 
ture of 3240° R. 
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Mole fraction of | Heat absorbed by 
constituents vaporization of 
boron oxide 


Boron | Hydrogen |Btu/lb | Btu/lb 
fuel stoichio- 
metric 
fuel-air 
mixture 
Boron 0 5514 
Pentaborane 4551 


Diborane 


Hydrogen 


As the amount of boron in the fuel decreases, the heat absorbed by уарог- 
ization of boron oxide also decreases. m d E 


Comparison of figures 4(a), 5(&), and 6(a) shows irregularities in 
the curves of combustion temperature against,equivalence ratio, beginning 
at about 50009 Б, caused by vaporization of the boron oxide. Тһе irregu- 
larities become progressively less severe ав the hydrogen content of the 
fuel is raised, because of the decreasing amount of heat absorbed by ` 
vaporization of boron oxide. The effect of this vaporization on the 
thrust performance of the fuels is shown in figures 4(b), 5(b), апа 6(ъ) 
(variation of air specific impulse with equivalence ratio and inlet-air. 
temperature) and in figures 4(с), 5(с), and 6(c) (variation of reciprocal 
fuel-weight specific impulse with air specific impulse and inlet-air tem- 
perature). It is of interest to compare the reciprocal fuel-weight 
specific impulse (fuel consumption) of these fuels with that of осфепе-1 
(fig. 1(с)) at levels of air specific impulse below and above the vapor- 
ization region of boron oxide. For levels of eir specific impulse less 
than 140 seconds and at any inlet~air temperature, a higher reciprocal 
fuel-weight specific impulse (greater fuel consumption) is experienced 
with octene-1 than with boron, pentaborane, or diborane. At air specific 
impulses exceeding 140 seconds, octene-l actually shows a lower fuel- 
weight specific impulse (less fuel consumption) than boron, for any 
inlet-air temperature. While the reciprocal fuel-weight specific im- 
pulses of both pentaborane and diborane rise sharply at an air specific 
impulse of about 140 seconds, their fuel consumption remains lower than 
that of octene-1 at 811 levels of air specific impulse. At an equiva- . 
lence ratio of 1.0, boron, as well as diborane and pentaborene, provides 
a higher air specific impulse than octene-1 (figs. 4(5), 5(b), and 6(b)). 
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It is shown in figure 4(d) that the alr specific impulse of boron 
at an equivalence ratio of 1.0 is raised 5 seconds by increasing the 
combustion pressure from 0.2 to 2.0 atmospheres. This, the largest gain 
experienced by any of the fuels considered herein, results from sup- 
pressing the dissociation made possible by the high combustion tempera- 
ture of boron. 


Liquid hydrogen has by far the lowest reciprocal fuel-welght speci- 
fic impulse (lowest fuel consumption) of any of the fuels considered 
herein, at any level of air specific impulse (fig. 7(b)). Despite its 
outstanding combustion properties, liquid hydrogen does not appear prom- 
ising as a ram-jet fuel because of its low liquid density (ref. 6) and 
difficulties of handling and storage. 


Aluminum. - Aluminum produces an oxide which vaporizes at elevated 
temperatures. This vaporization has an adverse effect on the combustion 
performance of aluminum, as the irregularities in the curves of fig- 
ures 8(a) to (c) indicate. 


APPLICATIONS OF DATA 


Determination of air specific impulse at combustor inlet conditions 
other than those reported. - In many instances it 1s desired to know the 
air specific impulse at inlet conditions other than those for which the 
data of figures 1 to 8 were computed. Approximate values of air specific 
impulse at other inlet conditions may be determined as follows: 


At the lower equivalence ratios (below 0.7) the effect of pressure 
is usually negligible. The air specific impulse at these lower equiva- 
lence ratios can be read directly from the curves of air specific in- 
pulse against equivalence ratio and inlet-air temperature (parts (b) of 
the figures) without consideration of combustion pressure. An exception 
to this arises with materials containing boron, where the vaporization 
of boron oxide in the vicinity of an equivalence ratio of 0.4 їв pressure 
dependent. A direct computation is then necessary. 


At equivalence ratios exceeding 0.7, the effect of combustion pres- 
sure upon air specific impulse becomes important for all fuels. The 
effect of combustion pressure on air specific impulse in this region can 
be determined in the following manner: The air specific impulse at the 
desired inlet-air temperature, determined from parts (b) of the figures, 
is entered in parts (е) at a pressure of 2 atmospheres. Тһе air specific 
impulse is then corrected to the desired pressure along a line of con- 
stant composition (constant equivalence ratio). For example, the air 
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specific impulse of boron at an equivalence ratio of 0.8, an inlet-air 
temperature of 800° F, and a combustion pressure of 0.3 atmosphere can 
be found as follows: From figure 4(b) the air specific impulse is 
determined as 182.6 seconds for the conditions stated, but at а com- 
bustion pressure of 2 atmospheres. The value obtained is entered in 
figure 4(e) at this pressure and air specific impulse (point A), and a 
line of constant composition is followed to a pressure of 0.3 atmos- 
phere (point В). Тһе desired air specific impulse is found to be 178.8 
seconds. This is very close to the value of 178.83 seconds determined 
by direct computation for a pressure of 0.3 atmosphere. 


In making a pressure correction, it may be necessary occasionally 
to enter даба in a figure such as 4(e) at an air specific impulse exceed- 
ing the highest line of air specific impulse against combustion pressure. 
For example, figure 4(b) indicates an air specific impulse of 190.5 sec- 
onds for an equivalence ratio of 1.0, an inlet-air temperature of 900° F, 
and a combustion pressure of 2 atmospheres. А point С is thus located 
on figure 4(e) which is above the highest line already present. А cor- 
rection to а combustion pressure of 0.2 atmosphere, made along a dashed 
line converging toward existing lines at the same rate with which they 
converge toward each other, locates an air specific impulse of 184.6 вес- 
onds at point D. By direct computation, the value sought is found to be 
184.7 seconds. | 


Determination of air specific impulse efficiency and combustion 


efficiency. - Both air specific impulse efficiency and combustion effi- 
ciency may be found for experimental data by the use of curves presented 
herein. Air specific impulse efficiency is defined as the ratio of the 
experimental air specific impulse to the theoretical air specific in- 
pulse at the same equivalence ratio: 


8 
1s, = Cum) (6 constant) (7) 


The experimental air specific impulse must be computed from experimental 
measurements ав discussed іп the appendix; the theoretical air specific 

impulse is read from the curves of air specific impulse against equiva- 

lence ratio at the burner-inlet temperature applying to the experimental a. 
data. It may then be corrected to the combustion pressure used in the 

actual engine by the method deseribed previously. 


A combustion efficiency which is often useful can be defined as the 
ratio of the theoretical equivalence ratio to the experimental equiva- 
lence ratio required to produce a given air specific impulse: 


б. 
= S, constant) 8 
Ne ic. (8, (8) 
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Fuel-air ratios may replace equivalence ratios. This definition is valid 
only for equivalence ratios of 1.0 or less. When the experimental data 
are Obtained at pressures other than 2 atmospheres, a pressure correction 
may be conveniently applied to the theoretical equivalence ratio as 
follows: The experimental air specific impulse and combustion pressure 
are entered on the semilogarithmic graph of theoretical air specific im- 
pulse against combustion pressure (parts (е) of the figs.), and a line 
of constant composition is followed to а combustion pressure of 2 atmos- 
pheres. Тһе air specific impulse, adjusted to the 2-atmosphere standard, 
and the experimental inlet-air temperature are then used on the plots of 
air specific impulse against inlet-air temperature and equivalence ratio 
to find the theoretical equivalence ratio. For example, boron burned at 
an inlet-air temperature of 5000 F, a combustion pressure of 0.2 atmos- 
phere, and an equivalence ratio of 1.0 produces an experimental air 
specific impulse of 180 seconds, which locates point E on figure 4(e). 
Following the dashed line of constant composition to point F determines 

а pressure-adjusted air specific impulse of 184.9 seconds. Locating a 
point in figure 4(b) at 184.9 seconds and at an inlet-air temperature of 
5009 Ғ determines a theoretical equivalence ratio of 0.885. А combustion 
efficiency of 0.885 is then found by means of equation (8). 


Determination of relative fuel-flow requirements for given engine. - 


In instances where several fuels are being considered for an engine, it 
may be desired to know the relative amounts of each fuel required to ob- 
tain a fixed thrust level. The curves of air specific impulse against 
reciprocal fuel-weight specific impulse may conveniently be used for 
determining the amounts of fuel if advantage is taken of the following 
assumptions: The combustion efficiency is the same for each fuel, and 
momentum and other internal pressure losses are nearly the same for each 
fuel at a given thrust level. 


For example, a ram-Jet engine is operated with octene-l or any other 
reasonably similar hydrocarbon at а fuel-air ratio of 0.05, an inlet-air 
temperature of 100° F, and a combustion pressure of 2 atmospheres. Fran 
figure l(c), the air specific impulse for octene-l at this fuel-air ratio 
елі inlet-air temperature ів 153.4 seconds; the reciprocal fuel-weight 
specific impulse is 0.000326 seconds~_, By use of the curves (fig. parts 
(c)) of reciprocal fuel-weight specific impulse against air specific im- 
pulse for the other fuels at an inlet-air temperature of 100° F, fuel-air 
ratios, reciprocal fuel-weight specific impulses, and relative fuel flows 
required to produce an air specific impulse of 153.4 seconds are deter- 
mined. They are presented in the following table: 
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Relative 
fuel 
flow 


Fuel-air | Reciprocal fuel-weight 
specific impulse, вес-1 


0.526Х10-5 


Octene-l 


50-Percent-= ‚425 


magnesium slurry 


Boron sooo 


Pentaborane .274 


Diborane ‚ 247 


Тһе relative fuel flow can be defined in this case ав either the ratio 
of the reciprocal. fuel-weight specific impulse of the substitute fuel to 
that of octene-1, or the ratio of the fuel-&ir ratio of the substitute 
fuel to that of octene-1, since, at a constant air specific dad the 


fuel-weight specific impulses of two fuels are in the ratio EMI ER 


c. 4%) (9) 


Be wo Тт =) 
( 1 | 7 
(see eq. (2)). 


A correction of fuel-air ratios for combustion pressures other than 
2 atmospheres can be made in the manner previously described for equi- 
valence ratios used to determine combustion efficiency. 


CONCLUDING REMARKS 


The effect of inlet-air temperature, combustion pressure, and equi- 
valence ratio upon theoretical air specific impulse performance was inves- 
tigated for the following fuels: octene-1, 50-percent-magnesium slurry, 
boron, pentaborane, diborane, hydrogen, carbon, and aluminum. Considered 
were inlet-air temperatures from 100° to 900° F at a combustion pressure 
of 2 atmospheres and a combustion pressure of 0.2 atmosphere at an inlet- 
air temperature of 100° F. 
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The benefit to air specific impulse of an increase in inlet-air 
temperature was observed to decrease at higher equivalence ratios, be- 
cause of increasing specific heats and dissociation of the combustion 
products resulting from higher combustion temperatures. The fuel con- 
sumption of pentaborane and diborane remained below that of осфепе-1 
despite the adverse affect of boron oxide vaporization on the performance 
of boron-containing fuels at combustion temperatures exceeding 50009 В; 
the fuel consumption of boron became higher than that of octene-l above 
this temperature. The air specific impulse performance of boron, di- 
borane, and pentaborane exceeded that of octene-l at high equivalence 
ratios. An increase in combustion pressure from 0.2 to 2.0 atmospheres 
caused. gains in air specific impulse at higher equivalence ratios of as 
mich as 5 seconds. 


Because a limited range of inlet-air temperatures and combustion 
pressures were considered, methods of extending the data to other inlet 
conditions were presented. Determination of air specific impulse effi- 
ciency and combustion efficiency for experimental combustion by means of 
the theoretical data herein was discussed. The use of the theoretical 
performance data in determining the relative flows of the various fuels 
to an engine operating at a fixed thrust level was also discussed. 


Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, July 14, 1953 
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APPENDIX - COMPUTATION OF ATR SPECIFIC IMPULSE FROM 
EXPERIMENTAL -DATA 


The determination of air specific impulse efficiency requires that 
the experimental air specific impulse be computable. Suitable measure- 
ments of pressure, drag, and thrust must be made on the experimental 
engine or combustor to permit computation of the stream thrust at the 
end of the exhaust nozzle: 


Fe = (a + ч, (А1) 


This equation is then reduced to the stream thrust function at a condi- 
tion of sonic flow 
Я рА + = 
үл = А2 
б = Son (A2) 


where 


1 + теме 


Ме (re +1) (2 «а 12) 


The experimental air specific impulse is then 


(АЗ) 


Ф(М.) = 


ба = — (A4) 


The Mach number at the exhsust-nozzle outlet can be estimated from the 
equation 


y 
ёге е 
Ме "A Y ep A. | (А5) 


For convenience, Ф(М.) шау be found from tables 30 to 35 of refer- 
ence 14 as the term F/F*, Тһе expression Ф(М) is relatively insensi- 
tive to y, in the neighborhood of M equal to 1, as shown in the follow- 
ing table: 
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1.0599 
1.0251. 
1.0051 
1.0000 | 1.0000 
1.0041 | 1.0030 


1.0148 | 1.0108 


1.0505 | 1.0217 


It must be observed that if М. is determined by equation (A5), then 

the error іп Ф(М.), resulting from an incorrect choice of Ye, will ex- 
ceed that shown in the preceding table. Data in reference 5 show that a 
satisfactory value of y, at high combustion temperatures (or high air 
specific impulse) would be 1.2 to 1.5; at low air specific impulse or сош- 
bustion temper&ture, v&lues of 1.3 to 1.4 сап be employed. 


REFERENCES 


1. Olson, Walter T., and Gibbons, Louis C.: Status of Combustion Research 
on High-Energy Fuels for Ram Jets. NACA RM Е51005, 1951. 


2. Lord, Albert M.: An Experimental Investigation of the Combustion Pro- 
perties of a Hydrocarbon Fuel and Several Magnesium and Boron 
Slurries. NACA RM Е52В01, 1952. 


5. Tower, Leonard K.: Effect of Water Vapor on Combustion of Magnesium- 
Hydrocarbon Slurry Fuels in a Small-Scale Afterburner. NACA НМ 
HO2H25, 1952. 


4. Gibbs, James B., and Cook, Preston N., Jr.: Preparation and Physical 
Properties of Metal Slurry Fuels. МАСА НМ Е52А25, 1952. 


5. Branstetter, J. Robert, Gibbs, James B., and Kaufman, Warner B.: 
Magnesium-Slurry Combustion Performance in 6.5-Inch-Diameter Ream- 
Jet Engine Mounted in Connected-Plpe Facility. МАСА RM ES53E27, 
1953. 


18 соната. NACA RM Е55014 


6. Breitwieser, Roland, Gordon, Sanford, and Gammon, Benson: Summary 
Report on Analytical Evaluation of Air and Fuel Specific-Impulse 
Characteristics of Several Nonhydrocarbon Jet-Hngine Fuels. МАСА 
НМ E52L08, 1953. | 


7. Rudnick, Philip: Momentum Relations іп Propulsive Ducts. Jour. Aero. 
Sci., vol. 14, no. 9, Sept. 1947, pp. 540-544. 4 - 


8. Huff, Vearl N., Gordon, Sanford, and Morrell, Virginia E.: General 
Method and Thermodynamic Tables for Computation of Equilibrium 
Composition and Temperature of Chemical Reactions. МАСА Rep. 1037, 
1951. (Supersedes NACA TN's 2113 and 2161.) 


9. Perry, John H., ed.: Chemical Engineers' Handbook. Third ed., 
McGraw-Hill Book Co., Inc., 1950. 


lO. Kelley, K. K.: Contributions to the Data on Theoretical Metallurgy. 
ІХ. The Entropies of Inorganic Substances. Bull. 454, Bur. Mines, 
1941. 


11. Huff, Vearl N., Calvert, Clyde В., and Erdmann, Virginia C.: Theo- 
retical Performance of Diborane as a Rocket Fuel. МАСА RM E8I178, 


1949. 


12. Gammon, Benson E.: Preliminary Eveluation of the Air and Fuel 
Specific-Impulse Characteristics of Several Potential Ram-Jet 
Fuels. I - Octene-1, Aluminum, and Aluminum - Octene-1 BSlurries. 
NACA НМ Е51С12, 1951. i 


15. Gordon, Sanford, and Huff, Vearl N.: Theoretical Performance of 
Liquid Hydrazine and Liquid Fluorine as a Rocket Propellant. МАСА 
RM Е53Е12, 1955. и i 


14, Keenan, Joseph H., and Kaye, Joseph: Gas Tables-Thermodynamic Pro- 
perties of Air, Products of Combustion and Component Gases, Com- 
pressible Flow Functions. John Wiley & Sons, Inc., 1948. 


l5. Smith, Marion L., and Stinson, Karl W.: Fuels and Combustion. 
McGraw-Hill Book Co., Ince., 1952. 


16. Rossini, Frederick D., et al.: Selected Values of Properties of 
Hydrocarbons. Circular C461, Nat. Bur. Standards, Nov. 1947. 


17. Rossini, Frederick D., et al.: Selected Values of Chemical Thermo- 
dynamic Properties. Circular C500, Nat. Bur. Standards, Feb. 1952. 


2981 


1662 


СН-5 back 


НАСА RM 853014 аман 19 


18. Beckett, C. W., Clarke, J. T., and Johnston, H. L.: Tentative 
Thermal Functions for Diborane. Joint Rep. 7 on Proj. 319 and 
Rep. 4 on Proj. 509, Ohio State Univ. Res. Foundation, Aug. 1, 
1948. (USAF Contract W33-038-ac~-17721 and ONR Contract N6onr- 


225, Т. О. IX, NR 058 061.) 


19. Woolley, Harold W., Scott, Russell B., and Brickwedde, F. G.: Com- 
pilation of Thermal Properties of Hydrogen in Its Various Isotopic 
and Ortho-Parea Modifications. Nat. Bur. Standards Jour. Res., 
vol. 41, no. 5, Nov. 1948, pp. 379-475. 


B*uel at temperature shown; oxygen and combustion ae at 298.15? К. 


t of formation of Mg from reference 17. 
"Reference 17. 
fenthalpy change between 180.63° and 298.160 К from reference 18. 
Heat of vaporization and enthalpy change between 20.599 and 298.16° K from reference 19. 


1862 


02 


PIDSSa ИЧ VOVN 


2981. 


NACA RM ES3G14 er 


TABLE ІІ. - PRODUCTS CONSIDERED POSSISLE AS A RESULT OF ADIABATIC COMBUSTION 
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(a) Variation of combustion temperature with equivalence ratio 
апа inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 1. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of liquid осбепе-1. 
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(b) Variation of air specific impulse with inlet-air temperature 
and equivalence ratio. Combustion pressure, 2 atmospheres. 


Figure 1. - Continued. Effect of ram-jet combustor inlet condi- 
tions on theoretical combustion performance of liquid 
octene-l. 
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Figure 1. - Continued. Effect of ram-jet combustor inlet conditions on theoretical 
combustion performance of liquid octene-1. 
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(d) Variation of air specific impulse with com- 


bustion pressure апа equivalence ratio. Inlet- 
air temperature, 100° F. 


Figure 1. - Continued. Effect of ram-jet 


combustor inlet conditions on theoretical com- 
bustion performance of liquid octene-1. 
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(e) Variation of air specific impulse with combustion pressure at selected 
equivalence ratios. Inlet-air temperature, 1000 F. 


Figure 1. - Concludéd. Effect of ram-jet combustor inlet conditions on theo- 
retical combustion performance of liguid octene-l. 
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(a) Variation of combustion temperature with equivalence ratio 
and iniet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 2. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of 50-percent-magnesium 
slurry. 
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(b) Variation ОҒ air specific impulse with inlet-air 
temperature and equivalence ratio. Combustion 
pressure, 2 atmospheres. 


Figure 2. - Continued. Effect of ram-Jet combustor inlet 
conditions on theoretical combustion performance of 
o0-percent-magnesium slurry. 
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(c) Variation of reciprocal fuel-weight specific impulse with air specific 
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 2. - Continued. Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of 50-percent-magnesium slurry. 
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(а) Variation of air specific impulse with com- 
bustion pressure and equivalence ratio. 
Inlet-air temperature, 100° F. 


Figure 2. - Continued. Effect of ram-jet 
combustor inlet conditions on theoretical 
combustion performance of 50-percent- 
magnesium slurry. 
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(e) Variation of air specific impulse with combustion pressure at selected 
equivalence ratios. Inlet-air temperature, 100° F. 


Figure 2. - Concluded. Effect of ram-jet combustor inlet conditions on theo- 
retical combustion performance of 50-percent-magnesium slurry. 
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(a) Variation of combustion temperature with equivalence 
ratio and inlet-air temperature. Combustion pressure, 


2 atmospheres. 


Figure 3. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of carbon (graphite). 
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(b) Variation of air specific impulse with equivalence ratio 
and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 5. - Continued. Effect of ram-jet combustor inlet con- 
ditions on theoretical combustion performance of carbon 
- (graphite). 
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(c) Variation of reciprocal fuel-weight specific impulse with air specific 
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 3. - Continued. Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of carbon (graphite). 
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(4) Variation of air specific impulse with com- 
bustion pressure and equivalence ratio. 
Inlet-air temperature, 100° F. 


Figure 3. - Continued. Effect of ram-jet 
combustor inlet conditions on theoretical 
combustion performance of carbon (graphite). 
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(е) Variation of air specific impulse with combustion pressure at selected 
equivalence ratios. Inlet-air temperature, 100° F, i 


Figure 3. - Concluded. Effect of ram-jet combustor inlet conditions on theo- 


retical combustion performance of carbon (graphite). 
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(a) Variation of combustion temperature with equivalence ratio 
and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 4. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of crystalline boron. 
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(b) Variation of air specific impulse with inlet-air 
temperature and equivalence ratio. Combustion pressure, 
à atmospheres. 


Figure 4. - Continued. Effect of ram-jet combustor inlet 


conditions on theoretical combustion performance of crys- 
talline boron. 
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(c) Variation of reciprocal fuel-weight specific impulse with air specific 
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 4. - Continued. Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of crystalline boron. 
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(а) Variation of air specific impulse with 
combustion pressure &nd equiv&lence ratio. 
Inlet-air temperature, 100? F. 


Figure 4. - Continued. Effect of ram-jet 
combustor inlet conditions on theoretical 
combustion performance of crystalline 
boron. К 
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(e) Variation of air specific impulse with combustion pressure at selected 
equivalence ratios. Inlet-air temperature, 100° F. 


Figure 4. - Concluded. Effect of ram-Jet combustor inlet conditions on theo- 
retical combustion performance of crystalline boron. 
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(a) Variation of. combustion temperature with equivalence ratio 
and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 5. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of liquid pentaborane. 
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(b) Variation of air specific impulse with inlet-air 
temperature and equivalence ratio. Combustion pressure, 
2 atmospheres. 
Figure 5. - Continued. Effect of ram-jet combustor inlet 


conditions on theoretical combustion performance of liquid 
pent&borane. 
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(c) Variation of reciprocal fuei-weight specific impulse with air specific 
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 5. - Continued. Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of liquid pentaborane. 
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(а) Variation of air specific impulse with com- 
bustion pressure and equivalence ratio.  Inlet- 
air temperature, 100° F. 


Figure 5. - Continued. Effect of ram-jet combustor 
inlet conditions on theoretical combustion per- 
formance of liquid pentaborane. 
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(e) Variation of air specific impulse with combustion pressure at selected 
equivalence ratios. Inlet-air temperature, 100° F. 


Figure 5. - Concluded. Effect of ram-jet combustor inlet conditions on theo- 
retical combustion performance of liquid pentaborane. 
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(a) Variation of combustion temperature with equivalence ratio 
and inlet-air temperature. Combustion pressure, 2 &imos- 
pheres. 


Figure 6. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of liquid diborane. 
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(b) Variation of air specific impulse with inlet-air 
temperature and equivalence ratio. Combustion ргев- 
sure, 2 atmospheres. 
Figure 6. - Continued. Effect of ram-Jet combustor inlet con- 


ditions on theoretical combustion performance of liquid 
diborane. 
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(c) Variation of reciprocal fuel- vere specific ae with air s = agg 
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres 


Figure 6. - Continued. ЕРҒес am- Jet combustor inlet conditions o 
theore tical combustion Қазыны of liquid diborane. 
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(а) Variation of air specific impulse with сош- 
bustion pressure and equivalence ratio. 
Inlet-air temperature, 100° F. 


Figure 6. - Continued. Effect of ram-jet = 
combustor inlet conditions on theoretical 
combustion performance .of liquid diborane. 
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(e) Variation of air specific impulse with combustion pressure at selected 
equivalence ratios. Inlet-air temperature, 1000 F. 


Figure 6. - Conciuded. Effect о? ram-jet combustor inlet conditions on theo- 
retical combustion performance of liquid diborane. 


52 


Combustion temperature, T., OR 


RR RAE, NACA RM ES3G14 


4000 


HERE 
АА 
AA 
LH H l A 


1000 
) 1.0 


2000 


Equivalence ratio, 6 


(a) Variation of combustion temperature with equivalence ratio 
and inlet-air temperature. Combustion pressure, 2 atmos- 


pheres. 


Figure 7. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of liquid hydrogen. 
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(b) Variation of air specific impulse with inlet-air 
temperature and equivalence ratio. Combustion pressure, 
2 atmospheres. 


Figure 7. - Continued. Effect of ram-jet combustor inlet con- 
ditions on theoretical combustion performance of liquid 


hydrogen. 
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(с) Variation of reciprocal fuel-weight specific impulse with air specific 
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 7. - Continued. Effect of ramjet combustor inlet conditions on 
theoretical combustion performance of liquid hydrogen. 
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(d) Variation of air specific impulse with com- 
bustion pressure and equivalence ratio.  Inlet- 
air temperature, 100° F. 


Figure 7. - Continued. Effect of ram-jet 
combustor inlet conditions on theoretical com- 
bustion performance of liquid hydrogen. 
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(e) Variation of air specific impulse with combustion pressure at selected 
equivalence ratios. Inlet-air temperature, 1000 F. 


Figure 7. - Concluded. Effect of ram-jet combustor inlet conditions on theo- 
retical combustion performance of liquid hydrogen. 


T862 


8Х 


GJUL 


NACA БЫ E53G14 жетта 57 


"ГИЙ 
BENE ЕЕ 
TOOK 
ГГ 

ШЕШЕ 


Al 
[LAM LLL Ld dl 
tA LE LI AA 


Combustion temperature, T., 


Equivalence ratio, Ф 


(a) Variation of combustion temperature with equivalence ratio 
апай inlet-air temperature. Combustion pressure, 2 atmos- 


pheres. " 


Figure 8. - Effect of ram-jet combustor inlet conditions on 
theoretical combustion performance of crystalline aluminum. 
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(b) Variation of air specific impulse with inlet-air 
temperature and equivalence ratio.. Combustion pres- 
sure, 2 atmospheres. 


Figure 8. - Continued. Effect of ram-jet combustor inlet 


conditions on theoretical combustion performance of crys- 
talline aluminum. 
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(c) Variation of reciprocal fuel-weight specific impulse with air specific 
impulse and inlet-air temperature. Combustion pressure, 2 atmospheres. 


Figure 8. - Concluded. Effect of ram-jet combustor inlet conditions on theo- 
retical combustion performance of crystalline alumimm. 
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